Abstract. Gastric cancer (GC) is the fourth most common type of cancer, accounting for an estimated one million new cases annually worldwide. Locally advanced GC often recurs, even following curative surgical resection. Therefore, there is a need for an effective adjuvant chemotherapy regimen. The aim of this trial was to investigate the maximum tolerated dose (MTD) of S-1 when administered in combination with oxaliplatin in postoperative GC patients. Oxaliplatin was administered at a fixed dose of 130 mg/m 2 on day 1. S-1 was administered from day 1 to 14 of a 3-week cycle and escalated by 10 mg̸m 2 ̸day from 60 to 80 mg/m 2 ̸day. A total of 15 patients were enrolled in this study. No dose-limiting toxicities (DLTs) occurred at level 1 (S-1, 60 mg̸m 2 ; n=3). One case of DLT (grade 3 vomiting) occurred at level 2 (S-1, 70 mg/m 2 ; n= 6), whereas 2 cases of grade 3 vomiting were observed at level 3 (S-1, 80 mg/m 2 ; n=6). Based on these results, the MTD of S-1 was initially determined to be 70 mg̸m 2 . Furthermore, we observed that cytochrome P450 2A6 (CYP2A6) 41349640C>G was associated with severe neutropenia
Introduction
Gastric cancer (GC) is the fourth most common type of cancer, accounting for an estimated one million new cases annually worldwide (1) . GC is more prevalent in East Asia compared with other countries, with ~50% of the new GC cases occurring in East Asia, including 41% in China and 11% in Japan (2) . The primary treatment for GC is surgery; however, locally advanced (stage II-III) GC often recurs, even after curative surgical resection (3, 4) . Therefore, it is crucial to develop adjuvant chemotherapy regimens that may improve survival in GC patients following surgical resection.
S-1, an oral anticancer agent combining tegafur (FT), 5-chloro-2,4-dihydroxipyridine (CDHP) and potassium oxonate (Oxo) in a molar ratio of 1:0.4:1, has shown clinical efficacy in patients diagnosed with GC (5-7). The ACTS-GC trial demonstrated that S-1 improved the 5-year overall survival (OS) rate from 61.1% with surgery alone to 71.1% with surgery plus S-1. However, a subgroup analysis of data demonstrated that the administration of S-1 alone in patients diagnosed with stage III GC did not achieve improved survival (8) . Furthermore, for metastatic or recurrent GC, a phase III trial (SPIRITS trial) comparing S-1 alone to S-1 plus cisplatin (SP) demonstrated that SP resulted in a significantly higher response rate, longer progression-free survival (PFS) and longer OS (9) . As a result, there is increased acceptance of this combination therapy in China, due to the high rate of advanced gastric cancer (AGC) at presentation (1) .
In comparison to cisplatin, oxaliplatin is a newer-generation platinum compound, which is less emetogenic and less nephrotoxic. Oxaliplatin may be beneficial, as it eliminates the need for pre-and post-chemotherapy hydration. Furthermore, the REAL-2 study reported that oxaliplatin was as effective as cisplatin in patients with previously untreated AGC (10) . Additionally, S-1 plus oxaliplatin (SOX) was not inferior to SP regarding PFS and the treatment was shown to be well-tolerated in a randomized phase III study on AGC (11) .
Oxaliplatin at 130 mg̸m 2 on day 1, when combined with S-1 at 80-120 mg̸day or 80 mg̸m 2 ̸day, was determined as the recommended dose (RD) for the treatment of colorectal cancer in phase I studies (12, 13) and was therefore selected for this study. In a phase I̸II study of S-1 and oxaliplatin (fixed at 130 mg̸m 2 ) in AGC, the RD for a phase II study was established as 100 mg/m 2 ; however, the relative dose intensity (RDI) of the S-1̸oxaliplatin regimen became progressively lower over successive chemotherapy cycles (14) . Considering that the typical single-agent dose of S-1, which was widely used in Dose-finding study on adjuvant chemotherapy  with S-1 plus oxaliplatin for gastric cancer   LIN YANG  1* , YI YANG  2* , QIONG QIN  1 , AIPING ZHOU  1 , JIANJUN ZHAO  1 , previous studies (15) (16) (17) (18) , was 80 mg̸m 2 ̸day, the highest dose of S-1 in the present study was set at 80 mg̸m 2 ̸day, with the aim of determining the maximum tolerated dose (MTD) of S-1 when administered in combination with oxaliplatin in postoperative GC patients.
FT, a vital component of S-1, is converted to fluorouracil (FU) in the liver by the cytochrome P450 (CYP) enzymes (19) . Cytochrome P450 2A6 (CYP2A6) of the CYP family is currently considered to be the principal enzyme responsible for this conversion process (20) . Recent pharmacokinetic studies demonstrated that the plasma concentrations and clearances of FU and/or FT differed according to the CYP2A6 polymorphisms in patients treated with S-1 (21, 22) . The alleles CYP2A6*7 and CYP2A6*10, located on exon 9 of CYP2A6, exhibited reduced activity (23) (24) (25) . In this study, we assessed the polymorphic differences in the CYP2A6 gene and their impact on severe treatment toxicity. , according to the American Joint Committee on Cancer TNM system, 7th edition) of the stomach or the gastroesophageal junction were eligible if they fulfilled the following criteria: i) age ≥20 years; ii) Eastern Cooperative Oncology Group (ECOG) performance status of 0-1; iii) absolute granulocyte count >1,500/µl; iv) platelet count >100,000̸µl; v) hemoglobin level >90 g/l; vi) serum bilirubin level < upper limit of normal (ULN); vii) normal creatinine level; and viii) serum glutamic-pyruvic transaminase (ALT) and glutamic-oxaloacetic transaminase (AST) levels <1.5X ULN. Patients with ascites or evidence of peritoneal, hepatic or distant metastases were excluded from this study. Only patients able to swallow tablets were considered eligible. Patients were also excluded if they had mental abnormalities, severe comorbid conditions or lacked the ability to comply. All female patients were instructed to practice medically effective contraception.
Patients and methods

Patients
The study protocol was approved by the Ethics Committee of the Cancer Institute and Hospital, Chinese Academy of Medical Sciences and the patients provided written informed consent. This study was registered to ClinicalTrials.gov as NCT01542294.
Definitions and treatment scheme. The dose-limiting toxicity (DLT) was determined during the first treatment cycle based on the drug-related toxicity according to the National Cancer Institute Common Toxicity Criteria, version 3.0, as follows: i) ≥grade 3 non-hematological toxicity (excluding controlled alopecia); ii) grade 4 hematological toxicity or febrile neutropenia; and iii) toxicity-related discontinuation of S-1 and oxaliplatin treatment for >3 weeks. If ≥2 patients in a given cohort experienced DLT, that dose level was considered to be intolerable. The MTD was defined as the highest dose level at which <33% of the patients experienced a DLT during the first treatment cycle. Dose-finding of S-1 was performed if no DLT was observed in a cohort of 3 patients; if DLT was observed in 1 patient, the cohort was expanded to 6 patients.
Treatment was initiated 4-8 weeks after surgery with 8 cycles of S-1/oxaliplatin combination therapy. S-1 was administered orally twice̸day, within 30 mins after a meal, on days 1-14 every 3 weeks. At level 1, the dose of S-1 was 60 mg̸m 2 . Subsequently, the dose of S-1 was increased by 10 mg̸m 2 . The dose of S-1 was maintained if a DLT occurred and reduced if it reappeared in the subsequent cycle. Oxaliplatin was administered intravenously over 2 h on day 1 at a fixed dose of 130 mg/m 2 to all the patients. The treatment was repeated every 3 weeks. The subsequent course was initiated when the absolute neutrophil count was ≥1,500/µl, the platelet count was ≥100,000/µl and non-hematological toxicities were ≤ grade 1.
Evaluations during therapy. The complete blood count was monitored periodically during therapy. A full medical history with physical examination, including evaluation of the ECOG performance status (PS) and biochemistry profiles were conducted for each patient prior to each treatment cycle. The National Cancer Institute Common Toxicity Criteria, version 3.0, were used to assess toxicity.
The disease status was assessed once every 3 months on the basis of serum tumor markers and at least once every 6 months by computerised tomography scanning until the completion of 8 cycles of treatment. A self-scored daily calendar of toxicities was reviewed by each patient at the end of each cycle.
Dose modification and delays.
During the first cycle of treatment, each drug was administered without intra-cycle interruption until the occurrence of DLTs. At the initiation of subsequent cycles, each drug was administered according to the dose modification method described below.
The administration of the two agents was delayed until adequate hematological recovery was achieved (absolute neutrophil count ≥1,500/µl and platelet count ≥100,000̸µl). Non-hematological toxicities, excluding alopecia, were required to be ≤grade 1 prior to the initiation of each cycle. If the toxicity event did not resolve within 3 weeks following the time of planned treatment, the affected patients were withdrawn from the study.
As this study involved two agents, dose adjustments for each agent were conducted separately, if a distinction in toxicity was possible. If both agents were suspected to be responsible for the toxicity, a combined dose reduction was performed. In case of treatment-related grade 3 or 4 toxicity, S-1 was maintained and resumed at a reduced dose (5 mg̸m 2 ̸day) when the toxicity had resolved and that reduced dose was used for the subsequent cycles. Oxaliplatin was reduced by 25% for the subsequent cycle in case of grade 3 or 4 toxicity. Drug doses were never increased.
The completion of the treatment was defined as follows: the patients had received S-1 for ≥14 days per cycle, had been administered oxaliplatin and had not met the discontinuation criteria for S-1 plus oxaliplatin.
The treatment was discontinued in case of disease progression, unacceptable toxicity, completion of a full treatment protocol or according to the physician's judgement.
Genetic and statistical analyses. Blood samples were collected for isolation of genomic DNA during venipuncture for other diagnostic laboratory tests ≥1 week prior to treatment initiation. The genotypes were determined in DNA extracted from peripheral blood samples using the QIAamp DNA Blood Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. We analyzed the alleles CYP2A6*7 and CYP2A6*10 (containing substitutions of CYP2A6*7 and CYP2A6*8) at exon 9 of CYP2A6 by direct sequencing using forward (5'-GAA-AGA-AAT-TGA-GGC-TCA-GG-3') and reverse (5'-AGA-AGG-CTA-TGG-GCA-CAG-AT-3') primers with an ABI Prism 3730 analyzer (Applied Biosystems, Foster City, CA, USA). All primers were designed and̸or validated using the Primer Express software, version 2.0 (Applied Biosystems).
In this study, we evaluated the association between CYP2A6 polymorphisms and severe toxicity throughout the entire course of the treatment, irrespective of the dose level. Each polymorphism was assessed to ensure that it fitted the Hardy-Weinberg equilibrium (HWE). The associations between categorical variables were assessed by the Fisher's exact test and included in the genotypic model. P<0.05 was considered to indicate a statistically significant difference.
Results
Patient characteristics.
A total of 15 patients (11 males and 4 females) were recruited in this study and their demographic and clinical characteristics are summarized in Table I ). All patients exhibited a good performance status (ECOG 0-1) and were pathologically diagnosed with intestinal (n=2), diffuse (n=8) and mixed type adenocarcinoma (n=5). Two patients had undergone radical total gastrectomy, whereas the remaining 13 patients had undergone subtotal gastrectomy. In this study, 4 patients had stage IIA disease, 3 had stage IIB, 6 had stage IIIA, 1 had stage IIIB and 1 had stage IIIC disease. None of the patients received chemotherapy in a preoperative setting. (Table II) . We expanded the level 2 dose cohort to 6 patients and no additional DLTs occurred. A further cohort of 3 patients were enrolled at dose level 3 (S-1, 80 mg/m 2 administered twice daily with oxaliplatin, 130 mg/m 2 ). One of these 3 patients experienced a DLT (grade 3 vomiting). Three further patients were added on this dose level, with one experiencing grade 3 vomiting and discontinuing the treatment due to unacceptable toxicity; this was also considered to be a DLT. Based on these results, the MTD of S-1 was initially determined to be 70 mg/m 2 .
Sequence of dose levels investigated and
Safety profile and treatment compliance. During the study, a total of 93 completed treatment cycles were administered, with a median of 6 (range, 1-8 treatment cycles) administered per patient. Of the 15 patients in this study, 3 (20%) completed 8 cycles of the treatment plan. At the level of the MTD, the treatment was continued for ≥6 cycles in all 6 patients. The adverse events are listed in Table III . At the MTD level, chemotherapy was delayed in all 6 patients. The main reason for the delay in chemotherapy was thrombocytopenia. The level of RDI achieved for S-1 was 90-100% in 83.3% and 70-80% in 16.7% of the patients; the level of RDI for oxaliplatin was 90-100% in 83.3% and 80-90% in 16.7% of the patients.
Of the 6 patients receiving the MTD, 7 cases of grade 3 toxicity were reported in 3 patients. One patient developed grade 3 neutropenia and thrombocytopenia requiring hospitalization after the second cycle; following reduction of the S-1 and oxlaliplatin dose by 25%, the patient was able to complete 6 cycles of treatment. Grade 3 neutropenia developed in one patient following the completion of 6 cycles and single-agent S-1 therapy was selected following adjustment. The remaining patient experienced grade 3 vomiting, which constituted a DLT at the MTD level.
Association of CYP2A6 polymorphisms with toxicity. We analyzed the alleles CYP2A6*7 and CYP2A6*10 (containing substitutions of CYP2A6*7 and CYP2A6*8), which resulted in reduced enzyme activity. All the variants were in HWE. The variant allelic frequencies were 0.33 for CYP2A6*7, 0.27 for CYP2A6*8 and 0.10 for CYP2A6*10. The two polymorphisms were not significantly associated with severe grade 3 or 4 toxicity during the entire course of the treatment (Table IV) . However, we identified a variant in the vicinity, CYP2A6 41349640C>G (rs7248240), with frequencies of 0.73 and 0.27 for the C and G alleles, respectively. CYP2A6 41349640C>G 
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Anemia 1 - - - 3 - - - 1 - - - Leukopenia 1 - - 1 - - - Neutropenia 1 - - - - 2 - - 1 - - - Thrombocytopenia - - - - - - - - - - - - Febrile neutropenia - - - - - - - - - - - - Hyperpigmentation - - - - - - - - 2 - - - Asthenia - - - - 1 - - - 3 - - - Nausea 1 - - - 2 1 - - 3 3 - - Vomiting - - - - 1 - 1 - - 1 2 - Stomatitis - - - - - - - - - - - - Diarrhea 1 - - - 1 - - - 1 3 - - Neurotoxicity 2 - - - 1 - - - - - - - Hand-foot syndrome - - - - - - - - - - - - ALT elevation - - - - - - - - - - - - a S-1,-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Discussion
To the best of our knowledge, this is the first dose-finding study of S-1/oxaliplatin combination adjuvant chemotherapy for the treatment of GC. At the established MTD of SOX, the S-1 dose (70 mg/m 2 ̸day) was lower in our study compared to that used in previous studies (80 mg/m 2 ̸day) (15) (16) (17) (18) . At the MTD level, the predominant grade 3̸4 toxicities observed in patients included neutropenia (33.3%), thrombocytopenia (16.7%) and vomiting (16.7%). Treatment was continued for ≥6 cycles in all 6 patients, with a RDI level of >90% for S-1 and oxaliplatin achieved in 83.3% of the patients. The treatment was well-tolerated and the toxicity profile was considered acceptable, which were shown to be key factors against GC.
During the present study, three events of DLT (grade 3 vomiting) were observed. It was hypothesized that both agents contributed to the DLTs. Of the 15 patients included in this study, 16 cases of grade 3 toxicity were reported in 8 patients, whereas neutropenia (7 cases) and vomiting (5 cases) were frequent findings. Grade 3 vomiting was observed in one case at level 2 and in two cases at level 3, highlighting the fact that S-1 plays an important role in DLT. Total gastrectomy significantly increased the maximum concentration and the areas under the curves of plasma FU and CDHP following the administration of S-1, which has been reported in several studies regarding S-1 pharmacokinetics following gastrectomy (26, 27) , which may be another explanation for the DLTs. However, the exact cause of the high incidence of grade 3 vomiting during the first treatment cycle was undetermined, possibly due to the small sample size and a lack of pharmacokinetic experiments.
In the present study, we observed no significant association of the alleles CYP2A6*7, CYP2A6*8 or CYP2A6*10 with severe toxicity (Table IV) . Compared with the significant association with tumour response rates and OS (28, 29) , one possible explanation is that Oxo inhibits the phosphorylation of FU in the gastrointestinal tract, thereby reducing the gastrointestinal toxic effects of FU and the effect of CYP2A6 on severe toxicity.
However, we observed that CYP2A6 41349640C>G (rs7248240), a variant located in the vicinity, was associated with severe neutropenia (C/C vs. C/G vs. G/G = 0 vs. 33.33 vs. 100%; P=0.03297, Fisher's exact test) during the course of treatment. This polymorphism was located in the 3' untranslated region (3' UTR) of CYP2A6. Heterogeneous nuclear ribonucleoprotein (hnRNP) A1, a critical regulator of human CYP2A6 gene expression, exhibits modified binding characteristics to the CYP2A6 3' UTR compared with the primary hepatocytes (30, 31) . These results indicate that the single-nucleotide substitution of C→G at position 41349640 may decrease the ability of hnRNP A1 to bind to the 3' UTR of CYP2A6 and reduce the expression levels of the CYP2A6 gene, eventually leading to severe toxicity.
In conclusion, the MTD of S-1, when administered in combination with oxaliplatin in Chinese postoperative Table IV . Univariate analysis of the association between CYP2A6 polymorphisms and severe toxicity during the entire course of the treatment.
Neutropenia Hematological Vomiting -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------Polymorphism
No. GC patients, was determined to be 70 mg/m 2 twice daily on days 1-14, with 130 mg/m 2 oxaliplatin on day 1, every 21 days.
